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Abstract. This paper presents the results of producing a triple-remelted Ti-10V-2Fe-3Al alloy. The results of SEM—EDS
analysis of the alloy are reported, and the structure of the Ti-10-2-3 alloy along the height of an industrial electrode is deter-
mined. For the first time, results of a direct comparison between the morphology of the o/f phases and the local chemical com-
position in three characteristic zones of a 4.5 t electrode, “top”, “middle 17, “middle 2”, and “bottom”, are obtained based on
comprehensive SEM—-EDS analysis. It is established that, with respect to the main alloying elements (Ti, Al, V), the ingot is
fully chemically homogenized along its height, and the VAR (vacuum arc remelting) regime ensures an acceptable level of
macrosegregation. It is shown that the concentrations of (Ti, Al, V), the principal alloying elements in Ti-10V-2Fe-3Al, do not
change significantly between samples. SEM—-EDS results indicate that the scatter in elemental concentrations is <1-1.5%,
which is considered an indicator of high-quality VAR processing; this level of scatter implies minimal differences in elemental
concentrations: Al variations are within £0.5-1.0%, V variations are within £0.5-1.0%, and Ti maintains a stable fraction of
approximately ~83-86%. Morphological studies reveal that the o/f structure is formed uniformly, without pronounced colum-
nar segregation. The results of the direct comparison of a/f-phase morphologies enabled the development of a quality-control
methodology for electrodes based on SEM—EDS profiles.
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1. Introduction

In recent years, research on titanium alloys has shifted to-
ward detailed studies of the microstructural mechanisms that
determine their performance characteristics, as well as the
factors that affect the chemical homogeneity and phase state of
industrially produced ingots. For the high-strength Ti-10V-2Fe-
3Al (Ti-10-2-3) alloy, which belongs to the class of metastable
- and (atp)-alloys, the distribution of alloying elements and
the morphology of o/f phases after vacuum arc remelting
(VAR) directly determine the strength, ductility, delamination
resistance, and service life of critically loaded components.
The primary methods for processing sponge titanium into
ingots are vacuum arc remelting (VAR) and electron beam
melting (EBM). These processes are the primary means of
producing titanium alloys. VAR technology is widely used to
improve the purity and structure of standard ingots, known as
consumable electrodes, which are melted under vacuum.

Modern analytical approaches emphasize that not only
the global chemical purity but also local microstructural
inhomogeneities can significantly affect alloy properties.
According to reviews on metastable S-alloys [1-4], even
slight variations in the content of f-stabilizers (V, Fe), a-
stabilizers (Al, O), or microsegregation of oxygen can lead to

©2026. A.T. Mamutova, T.A. Chepushtanova, B. Mishra
post@uktmp.kz; t.chepushtanova@satbayev.university; bmishra@wpi.edu

the formation of brittle zones, alter phase transformation
kinetics, and cause the appearance of undesirable intermetal-
lic phases, including a,-TizAl. Therefore, the importance of
local analysis methods has increased in recent years, particu-
larly scanning electron microscopy (SEM) combined with
energy-dispersive spectroscopy (EDS), which enables the
detection of micron- and submicron-scale structural inhomo-
geneities in industrially produced ingots.

A special focus within this group is the high-strength
metastable S-alloy Ti-10V-2Fe-3Al (Ti-10-2-3), which has
found wide application in chassis design, powertrain compo-
nents, and integral fuselage assemblies due to its unique
ability to achieve controlled a-phase morphology, regulated
both by work hardening and aging regimes [5—7]. According
to Banerjee & Williams [1] and Peters et al. [3] the mechani-
cal properties of Ti-10-2-3 are determined by the distribution
of f-stabilizers (V, Fe), the concentration of solid-solution
elements in the a-phase (Al, O), the cooling rate, and the
actual thermodynamic conditions of the f—a transformation.

Lutjering & Williams [2] and Boyer [8] emphasize that
the spatial inhomogeneity of f-stabilizer distribution, local
oxygen segregation, and o/f interphase morphology are criti-
cal parameters that determine fracture toughness, ductility,
and the durability of highly loaded components.
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Analyzing triple-melted ingots presents challenges, as a
complex combination of factors influences structure for-
mation: the composition and distribution of charge materials,
solidification thermophysics, remelting conditions, and local
temperature and heat flux variations. Large industrial elec-
trodes weighing 4500 kg exhibit vertical and radial chemical
gradients formed during ingot solidification, as well as dif-
ferences in a/f-phase morphology between the top, middle,
and bottom sections. These features are scarcely represented
in the scientific literature: most publications focus either on
laboratory melts or on structural analysis after heat treatment
[9-12], while systematic SEM—EDS studies of large-scale,
triple-melted industrial ingots are lacking.

The microstructure and performance characteristics of ti-
tanium alloys are determined by a set of phase transfor-
mations arising from titanium's pronounced polymorphism.
Alloying elements introduced into titanium interact different-
ly with the a- and f-phase lattices, stabilizing one modifica-
tion over the other depending on changes in interatomic
forces and their contributions to the thermodynamic stability
of the phase states. This stability is defined by the polymor-
phic transformation temperature (PTT), a key parameter in
the phase diagram of the Ti—X system [13].

Elements that predominantly dissolve in the a-phase,
such as aluminum, oxygen, carbon, and nitrogen, increase the
ae>f transformation temperature. Their presence leads to
higher elastic moduli in the a solid solution and broadens its
stability range. These elements, especially oxygen, nitrogen,
and carbon, are inevitably introduced into the metal from
both sponge titanium and alloying materials (C, Al) [14].

In contrast, S-type elements vanadium and iron lower the
polymorphic transformation temperature, expanding the
stability range of the f-phase. By dissolving in the £ solid
solution, they increase its elastic characteristics and promote
the formation of a metastable f-matrix upon cooling. The
transition of titanium atoms between f- and a-phases under-
lying these transformations is of particular interest.

Aluminum's low density reduces the alloy’s specific
weight and effectively increases its specific strength. It is a
crucial o-stabilizer that provides strengthening while main-
taining acceptable ductility. However, its content is limited
by a critical threshold (~7 wt.%); exceeding this limit leads
to the formation of the ordered intermetallic a»-phase

Table 1. Chemical composition of aluminum granules

Element Al Zn Si Fe Mn Mg Ni
0.0002 | 0.0051

Content, wt.% 99.8 | 0.003 | 0.025  0.113 | 0.02

Table 2. Chemical composition of the V-Al-Fe master alloy

Element \ Al Fe B C Cr Cu
0.002

Content, wt.% 66.6 = 21.1 12.1 | 0.001 | 0.001 0.01

Table 3. Chemical composition of the V-AI-C alloy
Element \ Al B C Cr Cu Fe

Content, wt.%  65.3 33.7 0.001 0.68 0.01 0.001 1 0.17
Table 4. Chemical composition of iron powder
Element Fe S O(total) |N
Content, wt.% 99.98 0.003 0.019 0.001
Table 5. Chemical composition of titanium sponge
Element Ti Ni Cl (6} N Fe C
Content, wt.% 99.77 | 0.013  0.075  0.038 ' 0.002 | 0.039 0.003

(Ti3Al). The presence of this phase sharply reduces techno-
logical plasticity and impact toughness. To prevent a,-phase
formation, alloy compositions are optimized by limiting
aluminum content and introducing f-stabilizers (Mo, V) [15].

Vanadium is the most versatile and widely used p-
stabilizer in titanium alloys. Unlike other p-stabilizers, it
simultaneously increases strength and ductility, making it
unique among this group of elements. Its solubility in the -
phase reaches ~3%, allowing the development of alloys that
combine the advantages of a-alloys (high weldability) and
(atp)-alloys (strengthening through heat treatment).

Oxygen, despite being an effective strengthener, signifi-
cantly reduces ductility by forming a solid interstitial solution.
At concentrations above ~0.2 wt.% and heating near the PTT,
oxygen segregation at a-grain boundaries or the formation of
fine a-phase particles enriched with oxygen may occur. These
processes lead to a pronounced decrease in impact toughness
and an increase in brittleness, consistent with [16-18].

Despite significant progress in theoretical modeling of f-
alloys, data on the actual distribution of alloying elements
and impurities in industrial triple-VAR ingots remain lim-
ited. Few studies provide a comprehensive correlation be-
tween o/f-structure morphology, chemical profiles, and local
enrichment zones along the height of industrial-scale elec-
trodes (mass 2.0-4.5 t), a crucial diagnostic aspect for ensur-
ing VAR process stability and predicting the properties of the
final semi-finished product.

This study aims to systematically investigate the structure
and chemical homogeneity of an industrial Ti-10V-2Fe-3Al
triple-VAR ingot using SEM-EDS, focusing on technological-
ly induced inhomogeneities and identifying factors influencing
o/f-microstructure formation along the electrode height.

2. Materials and methods

2.1. Initial materials

The object of this study was a triple-VAR Ti-10V-2Fe-
3Al ingot, produced by vacuum arc remelting (VAR) accord-
ing to the customer’s specification: Al —2.6-3.4%, V —9.0-
11.0%, Fe —1.6-2.2%, O —max. 0.13%. The production of
this ingot involved the following materials, whose chemical
compositions are presented in Tables 1-5.

Pb Sn Ti Cr Cd Be Cu C
0.001 | 0.0007 ' 0.007 | 0.001 0.0001 0.0001 0.0004 0.002

Mo P S Si N (6]
0.01 ' 0.001 @ 0.003 0.10 0.03 0.03

Mn Mo Ni P S Si H N (6]
0.002

0.003 0.004 0.003 /0.001 0.09 0.004 0.017 0.01

Mn Si Mg H H,O Al Sn Cr B
0.003  0.002 0.01  0.00062  0.01 0.005 0.002 0.017 0.001



A. Mamutova et al. (2026). Engineering Journal of Satbayev University, 148(1), 8-15

2.2. Technology to produce titanium ingots in a vacuum
arc remelting (VAR) furnace

The triple-VAR Ti-10V-2Fe-3Al alloy was produced on
an industrial scale at Ust-Kamenogorsk Titanium and Mag-
nesium Plant JSC. The VAR furnace configuration used for
producing the Ti-10V-2Fe-3Al alloy is shown in Figure 1.

Figure 1. Schematic of the VAR furnace: 1 - electrode feed
drive; 2 — furnace chamber; 3 — melting power supply; 4 — busbars
and cables; 5 — plunger-type electrode holder; 6 —water-cooled
Jjacket with mold (crucible); 7 — vacuum line; 8 — rotating column;
9 — coordinate positioning system; 10— load cell system; 11 — TV
camera system; 12 — oil booster pumps

During vacuum arc remelting (VAR), under the action of
high temperatures generated in the electric arc zone between
the consumable electrode and the base plate of the copper
mold, the metal at the lower end of the electrode melts, and
droplets of molten metal fall into the molten pool. Under the
mold's cooling effect, an ingot is formed. Before the melting
operation, the furnace chamber was evacuated, and vacuum
was maintained throughout the melting process. Thus, mol-
ten metal droplets passed through a vacuum environment,
ensuring deep purification of the metal from gases and cer-
tain nonferrous metal impurities and resulting in a dense
ingot structure. Metal solidification in the water-cooled cop-
per mold exhibited a clear directional character, aligned with
the direction of heat removal. As a result of VAR, the me-
chanical properties of the metal improved and became more
homogeneous in different directions of the ingot.

To reduce the risk of incorporating materials with exces-
sively high or low density into the final product, the elec-
trode holder was welded to the consumable electrode. The
vacuum arc remelting process itself was carried out using
separate melting assemblies. For this purpose, two molds
were prepared: one intended for the electrode holder welding
process and the other for the VAR process. Only molds and
base plates that had undergone cleaning and drying proce-
dures were used.

Using an overhead electric crane, the electrode holder
was installed vertically at the upper end of the electrode,

10

which was positioned in the melting assembly installed in the
furnace. The electrode holder connected the ram (shaft) to
the consumable electrode.

After furnace closure, the facility was evacuated. Leak
testing was carried out in a computerized mode with data
recorded in the process documentation. Upon reaching the
specified vacuum parameters in the furnace chamber, a tight
test was conducted.

The electrode holder was welded to the electrode by arc
welding, forming an electric arc between the holder and the
electrode's upper surface. Due to the arc energy, a molten
titanium pool formed at the center of the electrode’s upper
surface. Once enough liquid titanium had accumulated, the
electrode holder was lowered using the electrode feed drive
system and pressed into the molten pool. After solidifica-
tion, a continuous welded joint was formed between the
electrode holder and the electrode. This process was carried
out under constant reduced pressure maintained by the VAR
vacuum system.

After cooling the weld joint, the vacuum system was iso-
lated from the furnace using appropriate vacuum valves, and
atmospheric air was admitted into the furnace chamber.

The VAR operator loaded the starting material onto the
bottom of the mold. This starting material was intended to
protect the mold base plate from damage at the start of the
melting process and was evenly distributed over the base
plate, with a slight increase in thickness at the mold-base
plate junctions. The furnace was then sealed and connected
to the vacuum system.

The melting process was initiated from a remote control
panel in the control room. Remelting process parameters
were entered into the system.

During the melting process, monitored parameters were
recorded in process logs every 20 minutes. A dedicated VAR
operator performed monitoring and parameter adjustments at
each processing stage.

After the melting was complete, the mold containing the
ingot was removed from the furnace station using an over-
head electric crane, transported to the assembly area, and
placed on a special stand. The ingot obtained after remelting
underwent dry cleaning of its lateral surface in a brushing
machine. Subsequently, the ingot was transported to the
“clean zone” of the machining area, where the crown was
removed from the gating part on a lathe.

After crown removal, the ingot was subjected to high-
pressure wet cleaning and drying in a washing unit designed
for ingots and mold base plates. This stage completed the
intermediate ingot processing procedure.

The electrode (first-remelting ingot) was installed with
the gating part facing downward onto the base plate using an
overhead crane. After installing the mold with the first re-
melting ingot into the melting station, the second remelting
was performed. All subsequent processes associated with the
second remelt vacuum evacuation, installation and welding
of the electrode holder, preparation for melting, cooling,
extraction, and mold washing were carried out following the
same procedure as for the first remelt.

Surface treatment of titanium ingots was performed as a
batch process in the machining area. Mechanical machining
of the ingot end faces and lateral surfaces was performed on
lathes. Machining was performed over the entire ingot sur-
face until all surface irregularities and shrinkage cavities
were removed entirely.
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Sampling from titanium ingots was performed on a radial
drilling machine by drilling using annular cutters. The num-
ber of samples, sampling locations, and dimensions of the
sampling cones were determined in accordance with the
applicable customer specification.

Sampling procedures, test methods, and testing volumes
were conducted in accordance with the regulatory documen-
tation for the product and the current technological and ana-
lytical control scheme. The quality, chemical composition,
geometric dimensions, and weight of titanium ingots and
alloys were required to comply with customer specifications.

The investigations employed scanning electron micros-
copy and elemental analysis using a JEOL JSM-7000 SEM
equipped with EDS. Elemental composition was also deter-
mined by X-ray fluorescence analysis using an Olympus
Element S XRF analyzer, and the alloys were chemically
analyzed.

3. Results and discussion

3.1 Results of Ti-10V-2Fe-3Al alloy production

Vacuum arc remelting (VAR) of the Ti-10V-2Fe-3Al
alloy was carried out in three successive remelts.

During the first remelt, the melted alloy mass (4m) was
4.5 t, and the melting time (4¢) was 7 h 40 min. The electrode
cross-sectional area (S,) was 500 mm?.

In the second remelt, 4m was 4.4 t and 4t was 10 h,
with S, equal to 600 mm?.

The third remelt was performed with 4m=4.4t and
At =21 h 40 min, using an electrode with S, = 680 mm?.

The titanium density (y;) used in the calculations was
4.67-4.75 g/em®.

The calculated chemical composition of the consumable
electrodes was identical for all melts and was as follows
(Wt.%): A1—3.25; V-9.70; Fe — 1.95; 0 - 0.105; C - 0.011.

The first remelt was performed in a mold with a 620 mm
diameter. The first electrode was remelted at a mass melting
rate of 9.90 kg/min, the second at 7.49 kg/min, and the third
at 7.96 kg/min. Melting was carried out, resulting in a resid-
ual disk with a height of at least 40 mm.

Cooling after the first remelt was conducted for 10 h un-
der residual pressure in the VAR furnace chamber (a key
process parameter); cooling times for the second and third
remelts were 10 h and 8 h, respectively. The average voltage
during the steady-state melting stage ranged from 29.8 to
33.3V, and the solenoid coil operated at a +3 s periodicity.

The calculated composition of the titanium electrodes is
presented in Table 6.

Table 6. Calculated charge composition of consumable titani-
um electrodes

Charge material Melt 1, kg  Melt 2, kg Melt 3, kg Melt 4, kg

Al granules 17.1 17.1 17.1 17.1
V-Al-C master alloy 50 50 50 50
V-Al-Fe master alloy 588.3 588.3 588.3 588.3
TiO, 8.2 8.6 8.7 8.6
Fe powder 16.4 16.5 15.7 154
Sponge titanium 3819.7 3819.4 3819.9 3820.3
Total 4500 4500 4500 4500

Thus, the Ti-10V-2Fe-3Al alloy was produced by triple
VAR remelting. Subsequently, the alloy microstructure was
investigated using scanning electron microscopy combined
with energy-dispersive X-ray spectroscopy (SEM—EDS).

To study the alloy's composition and properties, four
samples were taken from the electrode in the regions “top”,
“middle 17, “middle 2”, and “bottom” on the ingot's lateral
surface. The results of the chemical analysis of the alloys are
presented in the figure. The chemical composition of the
surface samples from the four experimental Ti-10V-2Fe-3Al
alloys meets the material specification. The scheme of divid-
ing the alloys into sections is shown in Figure 2.

Top40mm  Alloy

Slice 1

Middle Slice 2

Slice 3

Bottom 40 mm

Figure 2. Scheme of alloy sectioning

Each experimental alloy was then divided into three sec-
tions, and samples were collected from the ends of each
section for elemental distribution analysis across the alloy
cross-section. The first cut was made 40 mm from the top of
the ingot; the second, from the middle of the ingot as a repre-
sentative sample of the steady-state melting regime; and the
third, 40 mm from the bottom.

3.2. SEM-EDS results

To establish the relationship between the microstructure
of Ti-10-2-3 titanium alloys and charge inhomogeneity, the
type of alloying materials (V-Al-Fe, V-Al-C, TiO,), the
charge preparation method (briquetting, layered assembly),
VAR melting regimes, and defects formed “from bottom to
top” along the electrode height, SEM—-EDS analysis was
performed on the produced Ti-10V-2Fe-3Al alloy.

From a technological standpoint, the application of this
method is also highly relevant, since industrial production
may result in vertical (along the ingot height) and radial
(from center to periphery) chemical gradients, non-uniform
distribution of f-stabilizers (V, Fe), and variations in o/f-
phase morphology during cooling. SEM—-EDS analysis ena-
bles modeling of optimal technological conditions for ingot
production and provides insight into the origins of these
production-related issues.

The objects of investigation in the SEM—EDS analysis
were four electrode zones: ingot samples taken from the
“top”, “middle 17, “middle 2”, and “bottom” regions.

The rationale for selecting these sampling locations was
to investigate the following processes occurring within the
ingot: the top-region sample was intended to identify poten-
tial defects associated with the final VAR pass; the middle-
region samples were used to confirm steady-state crystalliza-
tion; and the bottom-region sample was analyzed to reveal
possible degradation of ingot structure resulting from interac-
tion with the mold jacket or base plate.

For the SEM-EDS analysis, selected magnifications were
used to characterize the structural features and phase distri-
bution within the ingot, namely 500% for the overall micro-
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structure and primary phase distribution, 1000-2000% for the
a-phase plate morphology, and 5000% for local microstruc-
tural features, dispersed particles, and segregation zones.
Accordingly, the study focused on identifying vertical
chemical gradients (V or Fe enrichment upward or down-
ward), the distribution of f-stabilizers during remelting, the
presence of oxygen or carbon segregation, an increase in
oxygen content in the upper part of the ingot due to contact
with residual gases during VAR, and oxygen enrichment at
a-phase boundaries as an early stage of a»-TizAl formation.

3.2.1. Results of sample morphology analysis

As a result of studying the patterns of morphological evo-
lution of the a/f structure, the following structural features
were identified:

1). Top sample. At magnifications of x3000-5000, thin,
parallel, step-like layers, small, loose fragments, and isolated
fine particles on the surface were observed. The EDS spec-
trum confirms the dominance of Ti (TiKa peak at ~4.5 keV),
with pronounced peaks of V and Al and a noticeable fraction
of C. The surface is relatively smooth, with isolated defects;
however, the increased carbon content is attributed to the
influence of the final stages of remelting, surface reactions,
and/or polishing.

2). Bottom sample. At magnifications of x3000-5000,
distinct clusters of rounded and irregularly shaped particles
accumulating between the “steps” of the matrix are clearly
observed. By their morphology, these features resemble
nonmetallic inclusions (oxides or slag fragments). Pro-
nounced layering, significant defects, and a high number of
nonmetallic inclusions were identified. This indicates that the
structure formed during an unstable initial remelting stage,
with possible non-uniform crystallization and local dendritic
segregation, which is typical of the bottom region of an in-
got. The EDS spectrum shows a Ti content of approximately
83.5-84 wt.%. The contents of V and Al are also close to
nominal values, and no pronounced downward vertical seg-
regation of f-stabilizers is observed. The carbon content is
noticeably lower than in the top region, indirectly confirming
the surface-related nature of part of the carbon enrichment in
the upper section.

3). Middle 1 sample. At magnifications of x3000-5000,
individual a-plates appear more flattened and well-fused, and
the surface is relatively smooth, without many porous parti-
cles. This region of the ingot exhibits the most uniform la-
mellar structure. It contains a minimal number of inclusions,
indicating a steady-state VAR regime optimal for the for-
mation of a homogeneous a/f microstructure. In this zone,
the chemical composition is the most stable and closest to the
calculated Ti-10V-2Fe-3Al system. The low carbon content
and absence of pronounced oxygen peaks indicate a minimal
presence of gas-saturated and oxide-related defects. Morpho-
logically, this corresponds to the steady-state remelting re-
gion, where the a/f structure is uniformly formed without
pronounced columnar segregation.

4). Middle 2 sample. At magnifications of x3000-5000,
this region exhibits a layered, fractured zone containing an
oxide phase, with film-like or slag-related inclusions. The
EDS spectrum indicates the formation of structural defects in
this region.

Since the selected middle-region sample confirms a
steady-state crystallization process, SEM—EDS analyses of
this sample (“middle 17) are presented in Figures 3-5:
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Figure 3. SEM elemental analysis results of the surface area
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Figure 4. EDS mapping results of the “middle 1” sample

(b)

Figure 5. SEM micrographs of the “middle 1” sample ob-
tained at magnifications of: (a) — x1000; (b) — x5000

Based on the study of the vertical Al-V-Ti gradient
along the ingot height, it was established that the absence of
a pronounced vertical chemical gradient in the major alloying
elements (Ti, Al, V) indicates the high efficiency of triple
VAR remelting. This process ensures deep homogenization
of the molten metal and effective suppression of segregation
phenomena. As a result, the stability of the phase composi-
tion, the uniformity of the a/f microstructure morphology,
and the predictability of mechanical properties along the
ingot height are significantly improved.

Quantitative SEM—EDS data confirm the absence of a
chemical gradient:
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1). In all three “metallic” regions (top, bottom, and mid-
dle 1), the vanadium content lies within a narrow range of
approximately 9.3-9.9 wt.%, indicating that a vertical V
gradient along the ingot height is practically absent and that
the S-stabilizer is distributed uniformly.

2). The aluminum content ranges from 2.5 to 3.1 wt.%
across all three regions, with no significant vertical Al segre-
gation detected.

3). A slight increase in titanium content from the top to-
ward the middle 1 region was observed; however, this varia-
tion falls within the measurement uncertainty.

Thus, it was established that, with respect to the main alloy-
ing elements (Ti, Al, V), the ingot is chemically homogeneous
along its height, and the VAR regime provides an acceptable
level of macrosegregation control. The concentrations of Ti, Al,
and V, the principal alloying elements in Ti-10V-2Fe-3Al, do
not change significantly between samples taken from the top,
middle 1, middle 2, and bottom regions of the ingot.

A compositional scatter of <1-1.5% is considered an ex-
cellent indicator of VAR melt quality. This level of scatter
indicates minimal concentration differences: Al variations
within £0.5-1.0%, V variations within +0.5-1.0%, and a
stable Ti fraction of approximately 83-86%. For large indus-
trial ingots with a mass of 4.5 t, such a low degree of compo-
sitional variation is regarded as a highly favorable result.

3.2.2. Results of vertical gradient analysis

An analysis of the vertical Al-V-Ti gradient along the
ingot height revealed that the absence of a pronounced verti-
cal chemical gradient in the main alloying elements (Ti, Al
V) indicates the high efficiency of triple vacuum arc remelt-
ing. This process provides deep homogenization of the mol-
ten metal and effectively suppresses macrosegregation. As a
result, enhanced phase stability, uniform a/f microstructure
morphology, and predictable mechanical properties along the
ingot height are achieved.

The absence of a significant chemical gradient is con-
firmed by quantitative SEM—EDS results:

1) Vanadium (V). In all three metallic regions (top, bot-
tom, and middle 1), the vanadium content falls within a nar-
row range of approximately 9.3-9.9 wt.%, indicating that a
vertical V gradient is practically absent and that the f-
stabilizer is distributed uniformly.

2) Aluminum (Al). The aluminum content ranges from
2.5 to 3.1 wt.% across all regions, with no evidence of signif-
icant vertical Al segregation.

3) Titanium (Ti). A slight increase in Ti content from the
top toward the middle 1 region is observed; however, this
variation lies within the measurement uncertainty.

Thus, the ingot is chemically homogeneous with respect
to the principal alloying elements (Ti, Al, V) over its entire
height, and the applied VAR regime provides acceptable
macrosegregation control. The concentrations of Ti, Al, and
V, the key alloying elements in Ti-10V-2Fe-3Al, do not
change significantly across the top, middle 1, middle 2, and
bottom regions.

A compositional scatter of 1-1.5% or less is considered
an excellent indicator of VAR melting quality. This level of
scatter corresponds to minimal elemental variations: Al with-
in £0.5-1.0%, V within +£0.5-1.0%, and a stable Ti fraction of
approximately 83-86 wt.%. For large industrial ingots weigh-
ing 4.5 t, such a low degree of compositional variation repre-
sents an optimal result.
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3.2.3. Development of an electrode quality control
method based on SEM-EDS profiles

The obtained distribution profiles of V, Fe, Al, and O
along scanning lines in the “top”, “middle 17, “middle 27,
and “bottom” regions make it possible to propose a quantita-
tive electrode quality criterion based on microsegregation
parameters:

—maximum deviation of f-stabilizer concentration (V,
Fe) from the mean value along the line, 4Cpay;

—root-mean-square deviation oc along the line length;

—correlation length L., (the characteristic scale of chem-
ically inhomogeneous regions);

—relative oxygen enrichment in locally enriched zones,
ACoocal.

In regions typical of the ingot middle, AC,x and oc re-
main limited, while L, is small, indicating fine-scale, well-
averaged microsegregation. In the bottom part of the ingot,
these parameters increase, reflecting the presence of larger-
scale chemical inhomogeneities.

It is proposed to introduce an integral chemical inhomo-
geneity index, I.em, that incorporates contributions from /-

stabilizers and oxygen, and to define a limiting value, 1"

(Critical Chemical Inhomogeneity Index). Exceeding this
threshold indicates an unacceptable level of chemical inho-
mogeneity, at which the alloy or electrode should be rejected,
or the triple-VAR remelting regime should be adjusted.

This approach transforms SEM-EDS analysis from a
qualitative tool into a quantitative method for controlling
ingot acceptance. Incorporating SEM—EDS-based homoge-
neity criteria into charge preparation regulations makes it
possible to close the process loop “briquette — electrode —
ingot” and to ensure reproducible microstructural quality
under industrial production conditions.

4. Conclusions

It was established that the central regions (“middle 1)
exhibit the most homogeneous distribution of V, Al, and Fe.
The scatter of local f-stabilizer concentrations across the
cross-section is minimal, reflecting a steady-state melting
and solidification regime during triple VAR processing. The
o-phase morphology in these regions is close to equilibrium:
o colonies exhibit comparable thickness and length, while the
£ matrix forms a continuous framework without pronounced
dendritic segregation.

Thus, for the first time, a comparative analysis of the a/f
microstructure morphology along the height of an industrial
electrode weighing 4500 kg produced by VAR at UKTMP
has been performed.

It was demonstrated that no vertical chemical gradient
exists along the electrode height, indicating the high quality
and efficiency of the triple VAR process, as well as a uni-
form distribution of Al, V, and Fe governed by melting
regimes and charge-mixing characteristics. The applied
triple VAR technology ensures chemical homogeneity of
the Ti-10V-2Fe-3Al alloy matrix along the ingot height.
Local oxygen-enriched zones were identified, which may
be used to predict a reduction in ductility and the potential
formation of the a, phase.

Based on the results, a quality control methodology for
electrodes was developed using SEM—EDS profiles.
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Ti-10V-2Fe-3Al ym mapTe KaiiTa 0aJKbITBUIFAH KOPLITIIAHBIH
KYPBLIBIMABIK K9HEe TEXHOJIOTUSIJIBIK KACHETTEPiH 3epTTey

A.T. Mamyroga', T.A. Yenymrarnosa’ , 5. Mumpa®

!Ocxemen muman-maznuii kombunamul AK, Ockemen, Kazaxcman
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Angarna. Makarana Ti-10V-2Fe-3Al xypamas! yIir MopTe Kaita OalKBITBUTFaH KOPBITIIAHBI aTy HOTIKEIEPi KENTipiireH.
Atanran KopwiTnara xyprizimrer SEM—EDS TtangayblHBIH HOTHIKENEpi YCBIHBUIBIN, ©HEPKACINTIK AIIEKTPOATHIH OWIKTIri
ootipramra Ti-10-2-3 KOpBITIIACHIHBIH KYPBUIBIMBI aHBIKTANFaH. AuFam peT canMmarbl 4.5 T OONaTBIH AIEKTPOATHIH YII
CUIIaTTaMaJIbIK aiiMaFbIHIIA — «KOFAPFBD», «opTa 1», «opTa 2», «TeMeHri» — o/f-hazamapapiH MOPQOIOTHUACH MEH KEPTLTIKTI
XUMMSIIBIK KYpaMBIH Tikelneil canbIcTeipy HoTmkenepi kemenai SEM—EDS rannaysr Herizinzne ansiaasl. Herisri nerupneymri
anementrep (Ti, Al, V) GoiipiHmma Kyiima OMIKTIri 60HBIMEH TOJBIK XUMIBUIBIK TeHecTipinreHi xone BT (BakyyMabl TOFabIK
KaiiTa OAaJKpITYy) PEKHUMI MaKpOCETrperalMsHBIH KOJaWbl JCHICHIH KaMmMTaMachl3 eTeTiHi aHbkTanabl. Ti-10V-2Fe-3Al
KOPBITIIACHIHIAFBl 0acThl Jierupieymn anemeHTrep — Ti, Al koHe V KOHLEHTpalUsIapbIHBIH ChIHaMalap apachlHa
aifrapipIkTail e3repMmeiitini kepceringi. SEM-EDS tannaysl HoTHKenepi 3JeMeHTTep KOHLEHTPALUSCHIHBIH HIalIbIpaybl <1—
1.5% merinne exeHin xepcerti, Oyn BJIII OaikpITyAbIH camanbl >KYPri3UITeHIHIH KepceTKiml OOJbIn TaObUIajbl; SFHU
9JIEMEHTTEP KOHIEHTpALUsIIapbIHAaFbl allblpMaIIbUIbIKTap MUHUManabl: Al e3repicrepi £0.5-1.0%, V e3repictepi +0.5-1.0%,
an Ti TypakTsl Typae mamamen ~83-86% ynecti Kypaiiabl. Mop@oioTHsUIBIK 3epTTeyiep HATIKECIHAE a/f-KYPhIIBIMHBIH
OipKeJKi KaIbINTACKaHBI, alKBIH OaFaHAIIBI CETPETAINSHBIH KOK €KEHi aHBIKTaIABL. o/f-(azamap MOpPQOIOTHACHH Tikerei
canbIcTelpy HoTmkenepi SEM—-EDS mpodunpaepi OoWbIHIIA 3JEKTPOATApAbIH CalachlH Oakpulay oMICTEMECiH o3ipieyre
MYMKIHIIK Oepi.

Hezizei ce30ep: mumarn KOpblmnacel;, 6axyymowl doeanvi kauma oanxvimy, SEM—EDS manoaysl; yw mapme Kanima
bankbimy, o/f-MUKpoKypulLiviM, Mop@osocus.

HccienoBanue CTPYKTYPHBIX M TEXHOJIOTMYECKUX CBOMCTB CILIABA
TpoiiHoro nepemyasa Ti-10V-2Fe-3Al

A.T. Mamytosa', T.A. Uenymranosa®", b. Mumpa®

140 Yemo-Kamenozopckuii mumanomaznueewlii kombunam, Ycemo-Kamenozopek, Kazaxcman
2Satbayev University, Anmamol, Kazaxcman
3Bycmepcxkuti norumexnuyueckuii uncmumym, Bycmep, CILIA

*4emop ons koppecnonoenyuu: t.chepushtanova@satbayev.university

AHHOTanus. B craThe mpesicTaBiIeHBl pe3yNbTaThl MOJyYSHHUs CIJIaBa TPOWHOTo meperuiaBa coctaBa Ti-10V-2Fe-3Al,
npeacrasnensl pesynsratel SEM-EDS anHanusza qanHOro cruiaBa, onpejeiieHa cTpykTypa cmiasa Ti-10-2-3 mo BeIcoTe mpo-
MBIIIJICHHOTO 3JIEKTpOo/a. BrepBble MosydeHsl pe3ysbTaThl MPSMOTO COMOCTaBIECHHS MOpQosoruu o/f-ha3 M JOKaIbHOTO
XMMHYECKOTO COCTaBa B TPEX XapaKTEPHBIX 30HAX JIEKTPoJa BecoM 4.5 T — «Bepx», «cepeanHa 1», «cepequna 2», «HU3» Ha
ocHOBe KoMIuiekcHoro anaimm3a SEM—-EDS. YcraHoBieHO, 9TO 10 OCHOBHBIM JerupyromuM snementaM (Ti, Al, V) ciurox
MTOJTHOCTBIO XMMUYECKH BBHIPOBHEH 110 BeIcoTe, M B/III-peskum obecriednBaeT MpreMIIEMBI YPOBEHb MaKpOCerperain. Y cra-
HOBJIEHO, 4TO KoHUeHTpaimu Ti, Al, V (rnaBHeie nerupytomue snemeHTsl B Ti-10V-2Fe-3Al) He MeHSIOTCS CYIIECTBEHHO
Mexay npobamu. Omnpeneneno, uto SEM—EDS pe3syibrarel mpo0 MoKa3slBalOT Ha pa3dpoC KOHIEHTpAIMH 3JeMEHTOB <1—
1.5%, uro cunTaeTcs nokaszarenaeM kKadectsa nposeaeHHoit B/IIT miaBku, mpoleHT pa3dpoca 03HaYaeT, 4TO pa3indus KOHIEH-
Tpanuil 3ICMCHTOB MUHUMAITBHBIL: U3MeHeHus Al — B mpenenax +0.5-1.0%, usmenenus V — B npeaenax £0.5-1.0%, Ti 3anuma-
eT ctabmibHy0 100 ~83—-86%. Pesynpraramu MOp(hOIOTHUECKUX MCCIIEA0BaHUI YCTaHOBIIEHO, YTO CTPYKTypa a/ff chopmu-
poBaHa paBHOMEpPHO, 0e3 BBIPAKCHHOM KOJIOHHOW cerperanuu. Pe3ynbTaThl mpsMOro cormocTtaBieHus: Mopgoioruu o/f-bha3
TO3BOJIMIIM pa3paboTaTh METOIUKY KOHTPOJIS KauecTBa 3J1ekTpoaoB 1o SEM—EDS-npodusim.

Knrouesvie cnosa: mumanogulii cniag; 6axyymHo-oy2oeou nepeniae;, SEM—EDS awnanusz;, mpouwnoi nepennas; o/f3-
MUKPOCMPYKIYPA, MOPPOR02USL.
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